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In a previous letter [1] it was reported that the value of the adhesive fracture energy, Gc, was 
dependent upon the type of substrate material which was employed for the test specimens. 
Even though the locus of joint failure was observed to be cohesive, approximately in the 
centre of the adhesive layer, and the measurements were made using specimens which 
obeyed the requirements of linear-elastic fracture-mechanics (LEFM) tests. The results from 
this earlier study are given in Table 1. (A single-part, heat-curing rubber-toughened epoxy-
paste adhesive, designed for general-purpose use, was employed to bond the following 
substrate materials: mild steel, aluminium alloy and CFRP (a unidirectional carbon-fibre 
reinforced-plastic epoxy composite). Both double cantilever beam (DCB) and tapered 
double cantilever beam (TDCB) specimens were employed [1,2]. The thickness of the 
adhesive layer was 0.4 mm.) The results given in Table 1 were explained in terms of the 
shape and size of the plastic zone, ahead of the crack tip within the adhesive layer, changing 
the value of Gc. The shape and size of the plastic zone was, in turn, considered to be 
affected by the value of the transverse modulus, E22, of the substrates used to form the joint.  
 
However, in a recent study involving the same grade of general-purpose epoxy-paste 
adhesive and range of substrates [3,4], a far more pronounced effect of the substrate 
material on the value of Gc was noted in the case of the CFRP joints. All tests were again 
valid LEFM tests, and the crack always grew cohesively, approximately through the centre 
of the adhesive layer. (Hence, as in the previous work, any differences in the values of Gc 
from using the different substrates cannot be explained in terms of any changes in the 
interfacial adhesion as the type of substrate was varied.) The results from this second study 
revealed no significant differences in the values of Gc for the mild steel and aluminium 
alloy joints, but the value of Gc for the CFRP joints was even lower than that recorded in the 
first study. For the CFRP joints the value of Gc was now only 202±23 Jm-2. (In this second 
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study, the adhesive joints were all manufactured in the same laboratory by the same 
personnel, but testing was carried out by twelve different laboratories, according to a 
protocol [2,4], as part of a ‘round-robin’ series of tests on structural adhesives tested under 
Mode I (tensile) loading.) It was considered that the very low value of Gc recorded for the 
CFRP joints from this second study was far too low to be explained by the mechanics 
arguments advanced previously [1].  
 
 Now, in the previous study, the adhesive had always been cured under the same 
temperature versus time cycle of 150oC for 70 min in a fan-assisted oven, whereupon the 
heaters were turned off and the joints allowed to cool slowly over a period of about 5 h in 
the oven. This relatively long curing time was employed to try to ensure that the same state 
of cure was experienced by the adhesive layer in all the different types of joints. 
Thermocouples were buried into the adhesive layer to monitor accurately the temperature of 
the adhesive, during the curing cycle, in combination with the various types of substrate 
materials. Indeed, very similar cure cycles were recorded for the different types of joints. 
However, it was decided to investigate the extent of cure of the epoxy adhesive in more 
detail by measuring the glass transition temperature, Tg, of the cured adhesive layer. This 
was undertaken for adhesive samples removed from the different types of joints by using 
differential scanning calorimetry (DSC) and employing a heating rate of 20oCmin-1. 
Samples of adhesive were therefore carefully removed from the fracture surfaces of the 
failed joints and these samples were then analysed. The values of Tg were defined on the 
normalised heat flow endotherms as the transition half-width obtained from a second 
heating cycle. For the ‘round robin’ exercise, the values of the glass transition temperatures, 
Tg, for the samples of adhesive taken (a) from the mild steel joints was 103.0±0.9oC, (b) 
from the aluminium alloy joints was 100.6±0.6oC and (c) from the CFRP joints was 
87.6±1.3oC. Thus, clearly the most striking feature is the very low value for the Tg for the 
adhesive layer in the CFRP joints, and these joints also possessed the correspondingly very 
low value of Gc of 202±23 Jm-2. 
 
 In an attempt to explain these observations, some further tests were conducted. To 
assess the possibility that low levels of moisture absorbed by the CFRP substrates might in 
some way be influencing the curing of the adhesive, and the resulting values of Tg and 
hence Gc, the CFRP substrates were dried prior to the joints being prepared. (Previously the 
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cured CFRP substrate sheet material had been used ‘as-received’, i.e. it had not been stored 
or dried under any specified conditions prior to being bonded, but had been kept for several 
months in the laboratory prior to use.) The CFRP substrates were dried by placing the strips 
of CFRP sheet in a vacuum oven, and holding them under vacuum at 105°C for six weeks.  
The substrates were then removed from the oven and, after they had been allowed to cool to 
room temperature, DCB joints were immediately prepared using these substrates. The Tg of 
the adhesive removed from the fracture surfaces was 104.0+0.6°C, and the corresponding 
value of the adhesive fracture energy for these joints was 927±25 Jm-2. Clearly, both these 
values of Tg and Gc are very much higher than had been previously measured for joints with 
CFRP substrates, and the values of Tg and Gc are indeed equivalent to those joints made 
with the metallic substrates.  
 
 Finally, to substantiate fully the role of absorbed water in the CFRP substrates, tests 
were performed in which the levels of pre-bond moisture in the substrates were carefully 
controlled.  All the substrates for these tests were initially dried to a constant weight in a 
vacuum oven held at 105oC for four weeks. Some of the substrates were then removed from 
the oven and immersed in distilled water at 23oC for seven weeks. The amount of water 
taken up by these substrates during this exposure period was 0.6% w/w. The remaining 
substrates were left in the vacuum oven during this period. Adhesive (DCB) joints were 
then prepared such that one set of replicate joints employed the ‘wet’ CFRP substrates, 
whilst the other set were prepared using the ‘fully dried’ CFRP substrates. Fracture tests 
were then conducted as before, and the resulting failures were again always cohesive in the 
adhesive layer. Also, samples of adhesive were removed from each joint after fracture 
testing for DSC analysis. The resulting values of Gc and Tg are shown in Table 2. As may be 
seen from Table 2, a very strong correlation exists between the resulting values of Tg of the 
adhesive and Gc for these ‘wet’ and ‘fully dried’ CFRP joints: relatively high values of Tg of 
the adhesive are associated with the ‘fully dried’ CFRP joints and lead to high values of Gc 
for the joint. 
 
 All the results from these subsequent tests described above are brought together in 
Table 2, and an excellent correlation exists between the values of Tg and the corresponding 
Gc values. Not only do the ‘fully dried’ CFRP joints result in an adhesive layer which has a 
relatively high value of Tg, but these joints also possess the highest values of Gc. 
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Furthermore, the values of Tg and Gc for the ‘fully dried’ CFRP joints are comparable to 
those from the metallic substrate joints. 
 
 In order to quantify the amount of moisture which may be released from the ‘as-
received’ CFRP substrates during a typical cure cycle, the CFRP substrates which had been 
stored in normal laboratory conditions were weighed, both before and after a simulated cure 
cycle. This simulated cycle involved placing the substrates in the same jig used to bond the 
joints, and placing this in the oven for 200 min at 150°C.  No adhesive was applied to the 
‘joints’. The weight loss was determined and was found to be about 0.3% w/w. Now, 
Robson et al. [5] have studied the repair of CFRP materials employing adhesive bonding, as 
used in aerospace applications, and found that low levels of pre-bond moisture (i.e. below 
about 0.5% w/w) had little effect on the strength of adhesively-bonded CFRP joints. 
However, larger amounts of pre-bond moisture caused a significant loss in joint strength. 
These workers, however, used a hot-cured epoxy-film adhesive, designed for aerospace use, 
to bond the CFRP substrates and we therefore repeated the present tests using such an 
aerospace film-grade adhesive. It was found that the values of Tg and Gc showed no 
significant effect of the type of substrate when different substrates were employed to make 
the joints and that the Tg of the adhesive layer was not dependent upon the type of substrate.  
In addition, and most importantly, no change in the values of Tg or Gc were measured when 
‘fully dried’, rather than ‘as-received’, CFRP was used.  
 
 The main conclusion to be drawn from the above observations is that, for the 
general-purpose epoxy-paste adhesive, relatively low concentrations of water in the CFRP 
substrates can lead to a dramatic reduction in the Tg of the cured adhesive, with a 
corresponding decrease in the value of Gc of the CFRP joint. We would suggest that the 
most likely reason for this is that low concentrations of water diffuse from the CFRP 
substrates into the adhesive and interfere with the phase separation of the rubber-toughening 
agent during the cure of this adhesive; and that any effects of the transverse modulus of the 
substrate are relatively small. It is well-established [6] that, if no rubber-particulate 
separated-phase is formed during the curing of an adhesive, which contains an initially-
dissolved rubber-toughening agent, then both the values of the Tg of the adhesive and Gc of 
the joint will be greatly reduced. Indeed, the values of both these parameters for such an 
adhesive where the rubber toughening agent has not undergone phase separation would 
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indeed be of the magnitudes given in Table 2 for the ‘as-received’ and ‘wet’ CFRP joints. 
Further work is being conducted to more fully understand these initial observations. 
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TABLE 1  Dependence of Gc on substrate material: results from the first study [1]. 
 __________________________________________________ 
 Substrate  Joint type  Gc (Jm-2) 
 __________________________________________________ 
 CFRP (h=1.5mm) DCB     705+64 
CFRP (h=5mm) DCB          661+54 
Aluminium alloy TDCB     807+51 
Mild steel  TDCB/DCB    1011+125 
 Notes: 
 a. CFRP: carbon-fibre reinforced-plastic, and h is the thickness of a substrate arm. 
 b. TDCB: Tapered double cantilever beam.  
c. DCB: Double cantilever beam. 
d. Locus of joint failure was cohesive, approximately in the centre of the adhesive 
layer for all specimens. 
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TABLE 2 Values of Gc and Tg of the adhesive for the CFRP joints: results  
from subsequent studies. 
 __________________________________________________________ 
Substrate   Gc (Jm-2) Tg (oC)  
__________________________________________________________ 
CRRP (‘wet’: 0.6% w/w)   102+12   82.5+1.0 
CFRP (‘as-received’)   202+23   87.6+1.3 
CFRP (‘fully dried’)   927±25 104.0+0.6 
CFRP (‘fully dried’: 0% w/w)  963+20 103.6+0.5 
 
For comparative purposes: 
Aluminium alloy     685+86 100.6+0.6  
Mild steel   892+108 103.0±0.9  
___________________________________________________________  
Notes: 
a. Locus of joint failure was cohesive, approximately in the centre of the adhesive 
layer for all specimens. 
b. Where known, the %water content of the CFRP, prior to joint preparation, is 
given. (These joints were made at the same time and with the same batch of CFRP  - 
see text.) 
 
